Interpreting the past latitude and geography of the continents from palaeomagnetic data relies on the key assumption that Earth's geomagnetic field behaves as a geocentric axial dipole. The axial dipolar field model implies that all geomagnetic reversals should be symmetric. However, palaeomagnetic data from volcanic rocks produced by the 1.1-billion-yearold Keweenawan Rift system in North America have been interpreted to show asymmetric reversals, which had led to the suggestion that there was a significant non-axial dipole contribution to the magnetic field during this time 1,2 . Here we present high-resolution palaeomagnetic data that span three geomagnetic field reversals from a well-described series of basalt flows at Mamainse Point, Ontario, in the Keweenawan Rift. Our data show that each reversal is symmetric. We thus conclude that the previously documented reversal asymmetry is an artefact of the rapid motion of North America during this time. Comparisons of reversed and normal populations that were time-averaged over entire polarity intervals, or from sites not directly on either side of a geomagnetic reversal, have previously led to the appearance of reversal asymmetry.
contribution to the field, or whether it is due to motion of the North American continent. This information is critical for deciphering North American plate motions during the Himalayanscale Grenville Orogeny and the assembly of cratons to form the supercontinent Rodinia. A better understanding of the late Mesoproterozoic geomagnetic field is also necessary to evaluate claims of non-uniformitarian processes in the Proterozoic era, such as true polar wander and low-latitude glaciation, which rely on the uniformitarian geocentric axial dipole (GAD) hypothesis 11, 12 .
Previous studies have compared the mean of all Keweenawanaged reversed directions with all normal directions 2, 4 and/or have grouped all reversed and normal directions at a single study location 13, 14 . To fully evaluate whether the actual reversals are asymmetric, it is essential to obtain high-resolution palaeomagnetic data through stratigraphic sampling that spans reversals in the context of detailed volcanostratigraphy.
The basalt flows at Mamainse Point unconformably overlie the Archaean Superior Province on the northeastern shore of Lake Superior (Fig. 1 ) and represent the most complete record of extrusive Keweenawan volcanism. Mamainse Point is the only known locality in the MCR where multiple reversals are recorded in a succession of extrusive lava flows, as there are three reversals (reversed → normal → reversed → normal) throughout the ∼4,500 m of basalt flows and inter-rift sediments.
Here we report palaeomagnetic data from 73 basalt flows at Mamainse Point that span the three reversals at high resolution and show each reversal to be symmetric (Fig. 2 ). There is a progressive decrease in the inclination of the palaeomagnetic data upstratigraphy from ∼70 • to ∼30 • that we interpret as resulting from the equatorward movement of Laurentia. As a result of this progressive change in palaeolatitude through time, a reversal test that uses means of entire polarity zones may result in a false negative.
Palaeomagnetic studies at other localities in the MCR have revealed a general pattern that older rocks carry a reversed magnetization and younger rocks record a normal magnetization ( Fig. 1c ; Supplementary Table S3 ). This trend led early workers to postulate that there was only one geomagnetic reversal during the 11 Myr of Keweenawan volcanism and that this reversal could be used as a stratigraphic datum for all Keweenawan igneous units 5, [13] [14] [15] . When Palmer 13 discovered multiple reversals in the sequence of basalts at Mamainse Point, this single-reversal paradigm led him to propose the presence of a sequence-repeating fault, despite the fact that, in his words, there is 'no geological evidence to support the fault hypothesis'. In addition to the lack of geological evidence, the fault repetition hypothesis has been discounted by geochemical data (Fig. 2b ; see Supplementary Information for a more complete description of previous palaeomagnetic work at Mamainse Point and other dual-polarity localities in the MCR) 16 . Supplementary Table S3 ). ABD: Abitibi Dykes, CCr: Coldwell Complex reversed. The yellow palaeopoles are from rift sediments deposited after the cessation of volcanism but do not have rigorous geochronological control. Their relative deposition is such that from oldest to youngest: N → F → J → C. N: Nonesuch Shale, F: Freda Sandstone, J: Jacobsville Sandstone, C: Chequamegon Sandstone. b, Palaeopoles from the Mamainse Point succession calculated using the mean of flow VGPs as grouped in Fig. 2 (see Supplementary Table S2 for palaeopole parameters).
Further evidence of multiple reversals during MCR volcanism comes from coeval alkaline complexes exposed along the Kapuskasing structural zone ( Fig. 1) . At least three of these alkaline complexes contain nearly symmetric polarity reversals. Whereas some record a reversed to normal polarity change, others record a change from normal to reversed 17 . One of these units, the Coldwell Complex, represents at least three intrusive episodes. Although the determination of cross-cutting relationships can be difficult owing to complex cooling histories, palaeomagnetic data from the Coldwell Complex are interpreted to reflect a R1 → N → R2 polarity history with only 5 • -10 • of inclination asymmetry between reversals ( Fig. 1b ; Supplementary Table S3) 18 .
Owing to the progressive decrease in the inclination of the magnetization upwards through the stratigraphy at Mamainse Point (Fig. 2) , a reversal test 19 on the new data set that compares all reversed directions with all normal ones fails, consistent with the previous literature. However, if the three reversals are considered individually, each one passes a reversal test. The first reversal occurs during a hiatus in volcanism and the deposition of the basalt clast conglomerate. A reversal test comparing the three reversed flows below the conglomerate in section MP214 to the three normal flows of MP214 above is positive with a 'B' classification (γ c = 10.0). This test shows that the angle between reversed and normal populations (γ o ) is less than the angle at which the null hypothesis of a common mean direction would be rejected with 95% confidence (γ c ) and because γ c is between 5 • and 10 • it is given a 'B' classification. The A fundamental assumption of many palaeomagnetic studies is that the surface expression of the geomagnetic field behaves as a time-averaged GAD, where mean field inclination (I ) is a simple function of latitude (tan(I ) = 2tan(λ)). Under the GAD hypothesis, palaeomagnetic data that span enough time to average out secular variation should produce a palaeomagnetic pole that corresponds to Earth's spin axis. Archaeomagnetic studies show that, over the past 10,000 years, Earth's magnetic field is best described by a GAD (ref. 20) . Palaeomagnetic data are broadly consistent with a GAD for the past 100-150 Myr (the only period for which reliable plate reconstructions can be made independent of palaeomagnetic data) with only a small (3-5%) axial quadrupole component 21 . Palaeolatitude calculations made assuming a GAD geomagnetic field correspond well with climatic indicators of latitude, such as evaporite basins, for the past 2 Gyr (ref. 22) .
The interpreted reversal asymmetry in Keweenawan data sets led Pesonen and Nevanlinna 1,2 to propose that the ∼1.1 Gyr geomagnetic field contained significant non-dipole components. Specifically, Pesonen and Nevanlinna proposed that in addition to the main dipole there was a persistent offset dipole. They argued that 'reversal asymmetry' resulted from the main dipole reversing while the offset dipole retained constant polarity. This contribution to the geomagnetic field can alternatively be expressed in terms of zonal harmonics as a geocentric dipole (g 0 1 ) and an axial quadrupole (g 0 2 ) where the reversal asymmetry results from a reversing dipole and a non-reversing quadrupole. Reversal asymmetry would also arise if there was a significant axial octupole (g 0 3 ), or any other higher-order component, that maintained constant polarity during the reversal of the dipole.
Another approach for evaluating the GAD hypothesis has been to calculate the elongation parameter for palaeomagnetic data sets from periods of rapid volcanism when the host continent can be assumed to be effectively stationary 23 . The resulting elongation/inclination data pairs can then be compared with statistical models of palaeosecular variation that predict the distribution of geomagnetic field vectors for a GAD and thus a single elongation value for each inclination. For the Mamainse Point data presented herein, the applicability of this method is limited because the necessary condition of a stationary continent for an interval in which 100 flows can be sampled cannot be met owing to the significant change in palaeolatitude through the section. Although it is possible that there is a locality within the rift where high rates of volcanism could yield flows that effectively meet the stationary criteria, the fast rates of APW through the interval (Fig. 3) will probably complicate this analysis in most localities.
As the three reversals in the succession at Mamainse Point are symmetric, there is no need to invoke substantial deviations from a GAD such as a non-reversing quadrupole or octupole. Although this result does not preclude non-dipole contributions to the geomagnetic field during the Mesoproterozoic era, it does eliminate the main rationale that has been used to question the validity of the GAD hypothesis during the time period. This rationale is further weakened by the presence of symmetric reversals in 1.4 Gyr sedimentary red beds 24 and in carbonates of Mesoproterozoic age 25 . Instead of resulting from reversal asymmetry, the change in inclination observed through the succession is readily explained as a consequence of continental motion.
Palaeomagnetic poles that are paired with U-Pb geochronological data constrain the rate of continental motion during Keweenawan volcanism (Fig. 3) . A comparative analysis of palaeopoles suggests that the volcanism at Mamainse Point spans much of the period of Keweenawan volcanism given the similarity of the 'lower reversed 1' pole to the Coldwell Complex reversed 1 pole, which has an age of 1,108 ± 1 Myr and the similarity of the 'upper normal' pole to the North Shore Volcanics normal pole, which has an age of 1,097 ± 2 Myr. Using the conclusion that the field was probably a GAD, we can calculate the minimum velocity that is implied by the motion from the Coldwell Complex reversed 1 pole to the North Shore Volcanics normal pole to be 33.6 ± 3.5 cm yr −1 (see Supplementary Information for error calculation methods and Supplementary Table S4 for rates between all Keweenawan palaeomagnetic poles with U/Pb ages). The estimates for the rate of motion from 1,108 Myr to 1,097 Myr range between 21.5±7.1 cm yr −1 for Osler Volcanics reversed → North Shore normal, to 33.6±3.5 cm yr −1 for Coldwell Complex reversed → North Shore normal. The compilation of polar wander rates shows that during later Keweenawan volcanism movement slowed (as has previously been noted by Davis and Green 26 ). The rate from the 1,097 Myr North Shore normal pole to the 1,087 Myr Lake Shore Trap pole is 12.2±6.4 cm yr −1 . These rates for the motion of North America during the first 10 million years of Keweenawan volcanism are faster than the modelled speed limit of 20 cm yr −1 for plate tectonic motions imposed by bending stresses associated with the subduction of oceanic lithosphere 27 . The only plate to reach this theoretical limit during the past 150 Myr was India as it travelled north following the break-up of Gondwanaland. Either 20 cm yr −1 is not a firm speed limit for plate motion at 1 Gyr, or some of the motion observed could be a result of true polar wander that drove the North American continent and the mid-continent rift, towards the equator at rates slightly faster than those of plate tectonics 28 -a possibility that could be tested with data from other continents.
The period of Keweenawan volcanism was a time of significant equatorward motion of the North American continent. As a result of this progressive change in palaeolatitude, previous reversal tests that used means from combined results in each polarity produced false negatives. Detailed stratigraphic context combined with high-resolution data are essential for understanding both the behaviour of the geomagnetic field and APW paths in the late Mesoproterozoic era.
Methods
The extrusive basalt flows at Mamainse Point are remarkably preserved and range from less than 1 m to more than 20 m thick. Individual flows usually follow this general stratigraphy from base to top: (1) massive (relatively coarse-grained) with scattered elongate-upwards pipe vesicles (see Supplementary Fig. S12 ), (2) massive with occasionally apparent flow banding, (3) massive with some vesicles, (4) highly vesiculated and fine-grained and (5) flow tops often with pahoehoe textures and slight ferruginization ( Fig. 2c ; see Supplementary Figs S9-S11 for further photos of the basalts). Individual flows and sedimentary hiatuses can be delineated, allowing us to place our palaeomagnetic sampling in a robust stratigraphic context. Although there are numerous conglomerates interbedded with the flows particularly in the upper portion of the stratigraphy (Fig. 2a ), there are two especially thick conglomerates. The lower of these is the 'basalt LETTERS clast conglomerate', which is contained within our section MP214 where the conglomerate is 39 m thick. The upper conglomerate, or 'great conglomerate', is ∼310 m thick and shows a progressive increase in the percentage of clasts derived from Superior Province basement relative to basalt clasts (see clast counts in Supplementary Fig. S8 ).
Multiple samples (usually 5-6) were collected and subsequently analysed from 73 flows spanning the stratigraphy from the lower contact with the Superior Province metamorphic rocks to above the third reversal in the succession (see Supplementary Information for a description of the detailed demagnetization routines used). The thermal demagnetization behaviour and hysteresis loops of the basalt samples ( Fig. 4 and Supplementary Fig. S1,S2 and S4-S7) show that the magnetization is carried by both haematite and magnetite. Whereas the magnetite exists as a primary igneous mineral in the basalt, the haematite probably formed as a result of deuteritic oxidation shortly after the eruption of each flow. Our detailed thermal demagnetization protocol allows for comparison of the haematite and magnetite components. Our data demonstrate that the characteristic magnetization components carried by the two mineralogies (unblocked between 500 and 575 • C for magnetite and 650-675 • C for haematite) are consistently of a very similar direction (Fig. 4) . This result suggests that the haematite formed during initial cooling of the basalts or during pedogenesis that occurred soon after flow emplacement and recorded the same snapshot of the geomagnetic field as the magnetite component. In some instances, the high intensity of the haematite component prevented isolation of the magnetite component. For 16 flows, it was therefore necessary to use the haematite component as the characteristic remanent magnetization (ChRM) and for an extra 12 flows magnetite fits were used for some samples and haematite for others, as indicated in Supplementary Table S1 . When a magnetite component was confidently isolated, as indicated by a 'shoulder' in plots of J /J 0 , a least-squares fit through the demagnetization steps in its unblocking range was used as the ChRM (see Supplementary Table S1 for the mean direction of each flow). A number of flows have an extra magnetization component that unblocks between 590 and 650 • C that is of opposite polarity to the components that unblock between 500 and 575 • C and between 650 and 675 • C (see Supplementary  Fig. S2 ) and is further discussed in Supplementary Information. Fisher means were calculated for each flow from the ChRM directions isolated through principal component analysis 29 of samples within that flow ( Supplementary Table S1 ).
Clasts were sampled and analysed from the basalt clast conglomerate (site MP45; Supplementary Fig. S11 ) and from basalt clasts within the great conglomerate (site MP201; Supplementary Fig. S11 ) allowing for two conglomerate tests (see Supplementary Fig. S3 ). Least-squares fits to both the magnetite and haematite components for each test are consistent with selection from a random population (see Supplementary Information for details of the test results). These conglomerate test results further confirm that both the magnetite and haematite components observed in the flows were acquired before the erosion of the flows and the deposition of these conglomerates that were deposited within the larger stack of Keweenawan basalts. Therefore, we can be confident in the use of these directions as a record of the local magnetic field at the time the flows erupted and cooled.
The terms 'normal' and 'reversed' when applied to palaeomagnetic directions from the MCR are not intended to specify the absolute orientation of the geomagnetic field at the time of volcanism, as there are unresolved parts of the APW path for Laurentia since the Mesoproterozoic era. Rather, the designation distinguishes between directions with negative inclinations (reversed) and directions with positive inclinations (normal), a convention used in all previous palaeomagnetic studies of Keweenawan volcanics.
